Abstract -The 25 investigated Salers cheeses graded by the professional committee offered a large range of textures. Their texture characteristics were investigated by sensory analysis, rheological measurements and fluorescence spectroscopy. The 8 sensory attributes generated by the panel included the evaluation of mechanical, geometric and surface properties, and allowed the characterisation of the texture of the investigated cheeses. The stress values at 20% compression ranged between 0.073 and 0.290 kPa. The fluorescence spectra of protein tryptophans and vitamin A were recorded directly on the samples. Principal component analysis and canonical correlation analysis were used to evaluate the data and to investigate the relationships between the different sets of data recorded on the same cheeses. All the methods used to analyse the cheeses allowed discrimination of the samples, i.e. the obtained data constituted fingerprints of the cheeses. Moreover, strong correlations were found between the sensory attribute domain and the instrumental domains. It was also suggested that the phenomena observed at molecular and macroscopic levels were related to the texture of the cheeses.
INTRODUCTION
There is a great interest in defining quality, especially for Protected Denomination of Origin (PDO) cheeses [12] which often present a large variety of tastes and textures. Production of consistently high quality PDO cheeses continues to be a challenge for people involved in the chain of production. In addition, there is an increasing need for cheese characterisation. It is the consequence of the impact of the definition of identity, authenticity and quality on the application of policies of the European Union and of the protection and information of consumers.
Salers is a PDO semi-hard cheese, produced in the centre of France, in the surrounding area of Salers town. It is made twice a day in farms from raw milk coagulated with rennet. After coagulation (renneting time is about 16 min), the curd is cut to obtain grains the size of hazelnuts. After 15-30 min, the whey is drained and the packed curd is lightly pressed. After about 12 h aging, the packed curd is milled to obtain granules the size of maize grains, salted, hooped and pressed for 2 days. The Salers cheese is ripened for at least 3 months. The weight of a ripened cheese is on average 45 kg; its shape is like a cylinder.
Texture is an important criterion used to evaluate the quality of cheeses. Cheese variety and composition influence component distribution which in turn largely determines structure and texture characteristics [9] . It is generally assumed that at room temperature milk proteins contribute to firmness and milk fats provide smoothness to cheese: the higher the fat content of cheese, the softer the cheese [19] . As a good curd is a prerequisite to obtain a quality cheese, it implies that milk coagulation is a major step of cheese manufacturing largely determining the texture of the product. The main parameters that have an effect on the physical properties of the curd are the milk composition, the acidification kinetic and the amount of rennet. For example, a change in fat content affects protein aggregation and can modify the physical properties of cheese.
Texture is a multivariate attribute (mechanical, geometrical and surface) that can be assessed by various methods. Sensory analysis is widely used by researchers and professionals in order to assess food quality and to predict consumer acceptance. Sensory evaluations require a large panel of trained assessors, are time consuming, and so limited to a restricted number of samples. Instrumental methods may be used to characterise the texture of cheeses. For example, rheological measurements allow access to mechanical attributes of texture. Several studies dealing with the relationships between rheology and sensory properties have been published [13, [22] [23] [24] . Alternative methods such as fingerprint methods based on spectroscopic measurements have the ability to give specific information about structural properties of the product that could be useful for texture characterisation and quality management [5, 14] .
Front face fluorescence spectroscopy allows investigation of the fluorescence of powdered, turbid, emulsified and concentrated samples [2, 6, 10-11, 16, 25] . One of the main advantages of this fast method is its ability to record spectra directly on the cheese sample. In addition, the spectrum recorded on a given cheese is a fingerprint of the sample that retains information about its physico-chemical characteristics. The results of canonical correlation analysis applied to soft-cheese sensory profile data and fluorescence spectral collection showed that the 2 groups of variables were highly correlated [14] .
Until now, scientific information about rheological and sensory characteristics of Salers cheese has been lacking. The aim of this study was to delineate texture characteristics of Salers cheese by sensory analysis, rheological measurements and fluorescence spectroscopy. Multidimensional statistical methods were used to evaluate the data and to investigate the relationship between sensory data, rheological parameters and spectral collections. In addition, the approach reported in this paper can be considered as a generic approach for the delineation of the diversity of PDO cheeses.
MATERIALS AND METHODS

Cheeses
Twenty five Salers cheeses of 3.5 ± 0.5 months ripening time were provided by C.I.F. Cantal (Aurillac, France), the professional committee for Cantal and Salers cheeses. The cheese samples graded by the professional committee offered a large range of textures. The coding for the samples is presented in Table I .
Slices were cut in the middle of the cheese radius for physico-chemical, rheological and spectroscopic analysis. Samples were taken midway between the centre and rind of cheeses for sensory analysis.
Physico-chemical analysis
The determination of pH, dry matter, fat content and total nitrogen as protein content for the 25 Salers cheeses was as described by Bouton et al. [3] .
Sensory analysis
Twelve subjects (ranging between 21 and 28 years old) were selected (2 sessions) for their sensory ability and trained (12 sessions) for descriptive analysis Texture profiles of 15 different cheeses (B, D and E sets; see Tab. I) were assessed using the procedure described above. They were evaluated in duplicate over 6 sessions. Room-tempered samples were presented simultaneously on individual plates in randomised order. The mouth was rinsed with mineral water between samples.
Rheological analysis
Samples were taken with a cork borer mounted on a drilling machine stand, driven slowly by hand. The cylinders (18 mm diameter) were cut with a cuttingdevice to a height of 20 mm. The test pieces were stored in a small airtight box (to avoid dehydration) for 1 h to allow relaxation before testing at 20 o C.
The rheological method used was uniaxial compression at constant displacement rate. An Instron testing machine equipped with parallel plates and a 1 000 N load cell was used. The displacement rate was 50 mm . min -1 . 6 specimens were tested for each cheese sample. Data on force and displacement were recorded for 25 cheeses. The force and height variation data were computed as stress/strain curves. The full curves were analysed by principal component analysis.
Fluorescence spectroscopy
Fluorescence spectra were recorded using a SLM 4800C spectrofluorimeter (Bioritech, Chamarande, France) mounted with a front-surface accessory. The incidence angle of the excitation radiation was set at 56 o to ensure that reflected light, scattered radiation and depolarisation phenomena were minimised. Spectra of cheese samples (3 cm × 1 cm × 0.3 cm) mounted between two quartz slides were recorded at 20 o C with emission and excitation slits set at 4 nm (resolution: 0.5 or 1 nm, averaging: 10). The emission spectra of tryptophan residues (305-400 nm) were recorded with the excitation wavelength set at 290 nm and the excitation spectra of vitamin A (260-350 nm) were recorded with the emission wavelength set at 410 nm. All spectra were corrected for instrumental distortions in excitation using a rhodamine cell in the reference channel.
Slices of 3 cm length and 0.3 cm thickness were cut in the middle of the cheese radius. 25 Salers cheeses were analysed. For each individual cheese, three spectra were recorded using different samples.
Mathematical treatment of data
Analysis of the sensory data
The analysis of the sensory data was carried out using Stagraphics 3.1 (Statistical Graphics Corp., Rockville, USA) and Tastel (ABT Informatique, Paris, France) statistical packages.
Multidimensional analysis of the data
In order to reduce scattering effects, the fluorescence spectra were normalised by reducing the area under each spectrum to a value of 1 according to Bertrand and Scotter [1] . Principal Component Analysis (PCA) was applied to the physico-chemical data, to the stress/strain curves and to the normalised spectra in order to investigate changes in the data [14] [15] . This statistical multivariate treatment makes it possible to draw similarity maps of the samples and to get spectral patterns [1, 17] . While the similarity maps allow the comparison of the spectra in such a way that two neighbouring points represent two similar spectra, the spectral patterns exhibit the absorption bands that explain the similarities observed on the maps.
Correlation between two sets of data
In a first step, the 8 sensory variables of 15 cheeses were predicted from the tryptophan fluorescence spectra using the principal component regression technique (PCR). In a second step, the chemical data, the rheological data, the fluorescence spectral data and the sensory data were further analysed using canonical correlation analysis (CCA), a multivariate treatment that describes the correlations between two sets of data [26] . CCA was performed on the sensory and instrumental data recorded on 15 cheeses. This method makes it possible to assess new variables, called canonical variates, as linear combinations of the variables of each data set so that these new variables exhibit the highest correlation that can be found between the 2 groups of data. The method has been successfully applied for comparing fluorescence and mid infrared spectra of semi-hard cheeses [5] , and confocal microscopy images and sensory data of soft cheeses [4] . In both cases, the authors were able to provide relevant similarity maps of the samples that were not immediately found by principal component analysis.
CCA was carried out with Splus software. PCA and PCR were performed using software written in the C language at INRA Nantes.
RESULTS AND DISCUSSION
Physico-chemical characteristics
As generally observed for PDO products, pH, proteins, dry matter and fat contents presented a large variability for the investigated cheeses (Tab. II). The range of variation for dry matter, fat, fat/dry matter, proteins and pH of cheeses was 2.3%, 6.5%, 4.9%, 4.1% and 2.1%, respectively. Some parameters, such as fat and dry matter, were strongly correlated (R = +0.83). Some others were negatively correlated: for proteins and fat, R = -0.59.
Principal component analysis was applied to these data and the main part of the variability was explained by the first two axes. Principal component 1 (PC1; 60.9% of total inertia) opposed cheeses with the highest fat/dry matter contents (E2, E8, E5 and E1) (correlated with the highest fat contents) to cheeses with the highest protein contents (B1, C1 and C4). PC2 describing 21.9% of the variability appeared to be mainly related to cheese pH: E2, A8 and A1 cheeses with the lowest pH were opposed to B10 and D2 cheeses with the highest pH. This last variable was not correlated with the others (data not shown).
Rheological properties
The stress values at 20% and 80% compressions for the 25 cheeses are presented in Table II . The stress values at 20% compression ranged between 0.073 and 0.290 kPa. PCA was applied to the collection of stress/strain curves in order to investigate the diversity of the rheological characteristics of the Salers cheeses. The first two principal components took into account 98.6% of the total variation. A discrimination of the samples was essentially observed according to the principal component 1 (93.8% of the inertia): A1, A8, A9 and E2 cheeses, exhibiting the highest stress values at 20% compression, were on the positive side, while C1, C5, D7, E5 and E8 cheeses with the lowest stress values at 20% compression showed negative scores (data not shown).
Sensory analysis
ANOVA was performed on the sensory data. Significant differences were observed between cheeses, allowing us to class them in five groups characterised by several attributes: -Group 1 (B1, B5, B8): high adhesivity, high humidity, low friability, low firmness; -Group 2 (B4, B9, D4): low humidity, fairly friable, low firmness; -Group 3 (D8, D10, E1, E6): average values for all attributes; -Group 4 (D2, D7, E8, E5): low friability, fairly firm, fine microstructure; -Group 5 (E2): firm, dry, significant microstructure. Several sensory attributes describing the texture of the investigated cheeses did not vary independently. The positive and negative correlations between the sensory attributes are presented in Table III. PCA was then applied to the sensory data. The first two principal components took into account 71% of the total variation. A discrimination of the samples was essentially observed according to the principal component 1 (46% of the inertia): E5, E8, B8 and B1 cheeses, characterised by humidity, adhesivity and elasticity, were on the positive side, while E2, B4 and D10 Figure 1 . Principal component analysis similarity map determined by principal components 1 and 2 for sensory data. cheeses well described by microstructure, firmness and friability showed negative scores (Fig. 1) . Comparing rheological and sensory data, it was observed that cheeses with high scores for humidity, adhesivity and elasticity presented the lowest stress values at 20% compression, whereas cheeses described by microstructure, firmness and friability were correlated with the highest stress values at 20% compression (see Sect. 3.5 for further explanation).
Cheese discrimination from their tryptophan and vitamin A spectra
Fluorescent properties of fluorophores are very sensitive to the changes of their environment [21] . As the 25 Salers cheeses investigated in this study exhibited relatively different rheological properties, it was assumed that their structures, and as a consequence the environments of the fluorophores, were different [14] . The tryptophan emission spectra of 3 different cheeses are presented in Figure 2a . The tryptophan presented a maximum located at about 332 nm, which location varied slightly from one cheese to another.
The excitation fluorescence spectra of vitamin A located in the fat globules of the cheeses showed a maximum at 322 nm and two shoulders at 305 and 295 nm (Fig. 2b) . More interestingly, the shape of the spectra changed with the cheese. The ratio F 322nm /F 295nm was different from one cheese to another. The differences observed 616 A. Lebecque et al. for vitamin A fluorescence spectra are consistent with changes of lipid structure, but the interpretation at the molecular level is more difficult. Nevertheless, it is well known that the fluorescent properties of fluorophores are very sensitive to the changes of the solvent viscosity [21] . Recently, it has been reported that the shape of the vitamin A excitation spectrum is correlated with the physical state of the triglycerides in the fat globules of an emulsion [7] . In this case, the ratio F 322nm /F 295nm decreased during the melting of the triglycerides. On the other hand, the changes in the shape of vitamin A excitation spectra recorded during milk coagulation have been correlated to the changes of fat globule/protein interactions [14] . The development of interactions between the protein network and the fat globules in coagulation kinetics has been demonstrated by fluorescence transfer between tryptophan and vitamin A in the case of the coagulation of reconstituted milks [20] . Although the different cheeses exhibit weakly different fluorescence spectra, A B Figure 3 . Principal component analysis similarity map determined by principal components 1 and 2 for the tryptophan (A) and vitamin A (B) spectra of cheeses. Coding: the letter and the first digit are for cheese coding (see Table I ), the last digit is for the repetition. univariate analysis is not really appropriate for the study of complex spectra. Multivariate analysis techniques such as PCA are more appropriate in this case. For this purpose, 75 tryptophan spectra and 75 vitamin A spectra were collected from the 25 cheeses.
In order to compare the set of fluorescence spectra and to emphasise the similarities and the differences underlined previously, principal component analysis was performed on the spectra to describe the main variations between the different cheeses. Considering the results of PCA performed on the tryptophan spectra, the first two principal components took into account 80.1% and 11.4% of the total variance, respectively. The map defined by the principal components 1 and 2 showed a discrimination of the cheeses (Fig. 3a) .
PCA was applied to the set of vitamin A spectra and the map defined by principal components 1 and 2 is shown in Figure 3b . The first and the second principal components took into account 58.9% and 35.7% of the total variation, respectively, and discriminate the samples.
Considering the results obtained in the present study and in a previous study on soft cheeses [14] , it is concluded that tryptophan and vitamin A fluorescence spectra are fingerprints allowing the discrimination of the cheeses. 618 A. Lebecque et al. Using the data recorded on B, D and E cheese sets (Tab. I), the 8 sensory variables were predicted from the rheological data using the principal component regression technique (PCR). The method is a multiple regression applied from the principal components of the samples rather than from the raw data.
The correlation coefficients between the predicted and observed values from the rheological data are reported in Table IV . The results showed that the prediction of the sensory attributes with squared correlations higher than 0.5 were obtained for the following sensory attributes: elasticity, deformability and friability.
In a second step, the correlations between the sensory attribute domain and the rheology domain have been taken into account in order to get a better insight into the correlations between the instrumental and sensory characteristics of the investigated cheeses. Canonical correlation analysis can be applied when the same samples have been characterised by two different techniques. The method provides both a global measure of the link between the group of variables and a graphical representation of the correlation revealed.
Four pairs of canonical variates were assessed to describe the correlation between the sensory data and the rheological data. The squared canonical coefficients for canonical variates 1, 2, 3 and 4 were 0.81, 0.78, 0.43 and 0.08 (Tab. V), respectively. The first two canonical variates were found highly correlated confirming that there was a relation between sensory data and rheological data. The similarity map of the canonical variates 1 and 2 assessed from rheological data is shown in Figure 4a . Considering the canonical variate 1, B1 and B8 cheeses had negative scores, whereas E2 cheese had a positive score. In fact the sensory attributes characterising B1 and B8 were humidity and elasticity (Fig. 4b) . On the other hand, E2 cheese was well characterised by firmness.
Correlations between sensory and fluorescence data
Using B, D and E cheese sets (Tab. I), the 8 sensory variables were predicted from the tryptophan and vitamin A spectral data using the principal component regression technique (PCR). The correlation coefficients between the predicted and observed values from the fluorescence data are reported in Table IV . The results showed that the sensory attributes were not well predicted from the tryptophan fluorescence spectra since all the squared correlation coefficients were below 0.5. This is quite surprising since it has been shown that the tryptophan fluorescence spectra of soft cheeses were highly correlated with texture sensory attributes [14] . But the manufacturing of these soft cheeses involved different processes and their physico-chemical characteristics spanned over a large range. Indeed, the investigated set included mesophilic-, thermophilic-and ultrafiltered-processed cheeses exhibiting pH ranging between 5.0 and 7.5 and different fat contents (between 23 and 36 g . 100 g -1 of cheese). It is not the case in this study where the process for the manufacturing of Salers cheese is quite constant and all the physicochemical parameters, but fat content, do not vary in such a large range for the studied cheeses (Tab. II).
A much better result was obtained from the vitamin A fluorescence spectra. The prediction of the sensory attributes with squared correlations higher than 0.5 were obtained for the following sensory attributes: microstructure, adhesivity, deformability and friability (Tab. IV). Previously, a very high correlation between the sensory attributes and the vitamin A spectra has been observed in the study on soft cheeses [14] . The present study confirms that vitamin A is a good fluorescent intrinsic probe allowing discrimination and characterisation of cheeses. In addition, fat content varies over a relatively large range for the studied cheeses (Tab. II). The milk composition is one of the parameters that have an effect on the physical properties of the curd. A change in fat content affects protein aggregation and can modify the physical properties of the cheese.
In a second step, canonical correlation analyses were applied in order to get a better insight into the relationships between the sensory profiles, and tryptophan and vitamin A fluorescence spectra. Four pairs of canonical variates were assessed to describe correlation between the sensory data and the fluorescence data. Table V reports the squared canonical correlation coefficients obtained for the different analyses. It appeared that tryptophan fluorescence spectra and vitamin A fluorescence spectra were highly correlated with sensory data. Considering fluorescence of vitamin A and sensory profiles, the first two pairs were correlated with squared canonical correlation coefficients equal to 0.85 and 0.69. These correlations indicated that the canonical variates provided a common description of the samples both from the fluorescence and sensory data. As the two techniques gave similar results, it strongly indicated that fluorescence spectroscopy allowed characterisation of the diversity of the texture properties of Salers cheeses.
The similarity maps 1-2 derived from the canonical correlation analysis performed on the sensory data and 1-the tryptophan spectra and 2-the vitamin A spectra are presented in Figure 5 and Figure 6a , respectively. The similarity maps obtained for the sensory data and vitamin A fluorescence spectra were similar to the similarity maps drawn from the sensory and rheology data (Fig. 4a) , and looked like the PCA similarity map for sensory data (Fig. 1) . Nevertheless a different trend was observed for the similarity maps derived from the results of the canonical correlation analysis performed on the sensory data and the tryptophan fluorescence spectra.
Considering the sensory attributes explaining the samples discrimination according to the canonical variates 1, elasticity, humidity, adhesivity and deformability had negative scores, whereas microstructure, friability and firmness had positive scores (Figs. 4b, 6b) for both CCA performed on sensory, rheology and vitamin A fluorescence data. As the three different techniques allowed discrimination of the texture of the investigated cheeses and gave the same trends (Figs. 4a, b and 6a, b) , it is suggested that the phenomenon observed at molecular and macroscopic levels are related to the texture of cheeses.
In the region of vitamin A fluorescence, the shape of the spectral pattern associated with the first canonical variate showed a negative peak at 300 nm and two positive peaks at 320 and 332 nm (Fig. 6c) . This pattern showed that the cheeses characterised by elasticity, humidity, adhesivity and deformability sensory-attributes displayed a higher fluorescence intensity at 300 nm and lower fluorescence intensities at 320 Figure 5 . CCA similarity map defined by the canonical variates 1 and 2 for the tryptophan fluorescence data. and 332 nm than the cheeses with high scores for microstructure, friability and firmness sensory-attributes.
Considering the semi-hard cheeses such as Salers cheese, the interactions between the protein network and the fat globule vary, depending on the milk composition and on the manufacturing process (acidification rate), and modify in different ways the vitamin A spectra [7, 14, 15] . Crystallisation of the triglycerides during ripening time may also alter the shape of vitamin A fluorescence spectra [8, 20] . However, further experiments are required in order to conclude on this point.
CONCLUSION
Salers cheeses were characterised by sensory analysis, rheology measurements and intrinsic fluorescence (tryptophan and vitamin A) spectra. The data tables were analysed by multi-dimensional methods such as principal components analysis and canonical correlation analysis. The obtained similarity maps showed that it was possible to characterise the diversity of the texture of Salers cheese. Sensory analysis, as well as fluorescence spectroscopy and rheology measurements, may be valuable tools to define quality, identity and authenticity of PDO cheeses. The results of the experiments showed that the fluorescence spectra recorded directly on cheeses were fingerprints allowing their identification. In addition, we have demonstrated using PCR and CCA that there are strong correlations between instrumental data and sensory attributes of cheese texture. Using PCR, 4 sensory attributes, over the 8, can be predicted with a good accuracy from the vitamin A fluorescence spectra. Rapid and noninvasive methods such as fluorescence spectroscopy may be useful for the characterisation and the prediction at a young stage of PDO cheese texture.
Spectroscopic methods have been used for a long time to determine the chemical composition of foodstuffs. It is shown in this study that quality parameters of food products such as texture attributes may be derived from fluorescence data. Fluorescence data are spectra which also allow us to derive information on the molecular structure and interactions of the cheese matrix.
